INTRODUCTION
The spatiotemporal distributions of atmospheric 137 Cs concentrations were first retrieved by using filter-tapes installed in 40 suspended particulate matter (SPM) monitors in the air pollution monitoring network of eastern Japan just after the Tokyo Electric Power Company (TEPCO) Fukushima Daiichi Nuclear Power Plant (FD1NPP) accident during March 12-23, 2011 (Tsuruta et al., 2014 . Analysis of these data clarified that 9 plumes transport models (Nakajima et al., 2016) . The filter-tapes used at more than 600 SPM stations had been offered by local governments in eastern and central Japan through the Ministry of the Environment, Japan. In addition, we have continued to measure the radionuclides of filter-tapes from the other SPM stations.
On the other hand, the data of atmospheric concentrations of radionuclides near the FD1NPP have been very limited until now. The Fukushima Prefecture and the Ministry of Economy, Trade and Industry (METI) urgently measured atmospheric radionuclides once a day during March 12-13, 2011 with the sampling time of 10 minutes by dust samplers at several points located within 2-35 km of the FD1NPP (METI, 2011) . In addition, the Ministry of Education, Sports, Culture, Science and Technology (MEXT) (MEXT, 2012) began the field measurements of atmospheric radionuclides once or a few times per day from March 18, 2011 with the sampling time of 10 or 20 minutes by dust samplers at more than 10 points in the eastern Fukushima Prefecture. Furthermore, TEPCO (2011 , 2013 ) also started to measure atmospheric radionuclides by dust samplers once or two times per day on March 19, 2011 at the site of the FD1NPP and the Fukushima Daini Nuclear Power Plant (FD2NPP). These data were valuable, but are too sparse spatiotemporally to understand the detailed behavior of radionuclides near the FD1NPP just after their release into the atmosphere.
In the Kantou area located more than 100 km south of the FD1NPP, Nuclear Science Research Institute (NSRI), Japan Atomic Energy Agency (JAEA), located in the east coast of the Ibaraki Prefecture, started to measure atmospheric radionuclides from March 15, 2011 (Ohkura et al., 2012) . The measurements by NSRI were made with a sampling time of 20 minutes until March 21, 2011, only when the radiation dose rates (RDs) simultaneously measured by NaI (Tl) scintillation detectors increased. As a result, most of the plumes transported from the FD1NPP to the Kantou area by northeasterly winds were first observed at this site. In addition, Tokyo Metropolitan Industrial Technology Research Institute (TIRI) started independ-
Fig. 1. Map of (a) the eastern part of Fukushima Prefecture and (b) SPM stations (᭹) in the air pollution monitoring network and monitoring posts for environmental radioactivity (᭺) by Fukushima Prefecture in Hamadori.
ently to measure atmospheric radionuclides every hour or two hours from March 12, 2011, at Fukasawa in Tokyo (Nagakawa et al., 2014) . We have validated the accuracy of our measurements of radionuclides in SPM collected on filter-tapes, comparing the 137 Cs concentrations measured at Kakinokizaka, an SPM monitoring site located within 2 km of the TIRI monitoring site, with those measured at Fukasawa by TIRI, at the same hour in March 12-13, 2011 (Tsuruta et al., 2014 Oura et al., 2015) .
Our dataset is unique in its time resolution and many monitoring sites, because hourly atmospheric concentrations from March 12, 2011 have been mainly obtained in urban/industrial areas where many people have lived. The purpose of the SPM measurements of the air pollution network is to protect the population's health in the presence of air pollution. Among the datasets from the SPM monitoring stations in the Fukushima Prefecture, hourly 137 Cs concentrations from March 12, 2011 are available at 17 SPM monitoring sites in Nakadori, located in the central area and Hamadori in the east coast ( Fig. 1a and Fig. S1 ). The nearest SPM station in northern Hamadori in a previous dataset (Oura et al., 2015) is located 25 km north of the FD1NPP (Fig. 1a and Fig. S1 ). In contrast, the hourly 137 Cs data in southern Hamadori were available only from the afternoon of March 22, 2011 at 2 SPM sites (Fig. S1 ). Since no data are available from southern Hamadori during March 12-22, 2011 , the transport of plumes to the south from the FD1NPP was only detected at the SPM stations in central Kantou located more than 170 km southwest of the FD1NPP (Fig. S1 ).
In contrast, the spatial distribution of radiocesium and radioiodine and/or radiation dose rates on the surface soil outside the FD1NNP were measured in the field measurements by the MEXT (MEXT, 2011a). In addition, it was measured by using airplanes (MEXT, 2011b; Torii et al., 2013) and an unmanned helicopter (Sanada and Torii, 2015) . These datasets have many data of radionuclides, however, are not available for the investigation of the hourly atmospheric radionuclides concentrations, and might have missed if the polluted air masses passed without precipitation. Hence, the source term identification of plumes still has a large uncertainty, although many studies have been reported (Chino et al., 2011 (Chino et al., , 2016 Katata et al., 2015) .
Recently, the filter-tapes at another two SPM monitoring stations of Futaba and Naraha located within 20 km from the FD1NPP (Fig. 1b) had been provided by the Fukushima Prefecture, and then, the hourly atmospheric concentrations of radiocesium at the two sites were measured. A purpose of this paper is to reveal how the radionuclides near the FD1NPP were transported to the north/northwest and the south in Hamadori by showing the time-series of radiocesium at the two sites. The other purpose of this paper is to make clear from which reactor unit the radionuclides were released into the atmosphere discussing activity ratio of 134 Cs/ 137 Cs.
MATERIALS AND METHODS

Measurements of atmospheric radiocesium at two SPM sites near the FD1NPP
The two SPM monitoring stations of Futaba (37.44∞N, 141.01∞E) and Naraha (37.27∞N, 141.00∞E) are located along Hamadori, the east coast of the Fukushima Prefecture (Fig. 1b) . The Futaba and Naraha SPM sites are located 3.2 km west-northwest and 17.5 km south-southwest of the center between reactor Unit 1 and Unit 2 of the FD1NPP, respectively. Before the measurement of the radionuclides in the SPM collected on these filter-tapes, we carefully checked whether these SPM monitors were regularly operated even after the Great East Japan Earthquake and the tsunami on March 11, 2011. Considering this from various points of view, we found that the SPM monitors were operated normally, and SPM was properly collected on the filter-tapes. Then, 134 Cs and 137 Cs in SPM were measured during March 12-25, 2011 (March 12-23 for Naraha) by a Ge semiconductor detector, as already described by Tsuruta et al. (2014) and Oura et al. (2015) . In a previous study, the hourly 134 Cs and 137 Cs concentrations at the 99 sites have been shown in Appendix A (Journal of Nuclear and Radiochemical Sciences, 2015) followed by an article (Oura et al., 2015) . Those at Futaba and Naraha are shown in Supplementary Tables S1 and  S2 of this article. These concentrations are decay-corrected to the time when the collection of SPM samples stopped. For example, the 137 Cs concentration at 15:00 Japanese Standard Time (JST; hereinafter JST is omitted) is derived from an averaged concentration of 137 Cs between 14:00-15:00. The detection limit of 134 Cs and 137 Cs was approximately 0.1-0.4 Bq m -3 for the hourly measurements. The measurement errors due to gammaray counting statistics for each SMP sample were shown in Tables S1 and S2. As previously reported by Tsuruta et al. (2014) and Oura et al. (2015) , part of the high SPM collected at a sample spot might be attached on the backside of the new sample or the blank spot located one round after the previous sample spot, which is defined as cross-contamination. Analyzing all the data, the maximum cross-contamination error was 3-5% for the filter-tapes made of glass fiber (GF) (Oura et al., 2015) . Although used filter-tapes at the two sites were made of GF, we carefully used autoradiography imaging with an imaging plate to check for seriously affected data with cross-contamination, which are treated as missing data and are represented with a "+" symbol in the Tables. Furthermore, data with "=" are not certified values, but reference values. 137 Cs concentrations at Futaba and Haramachi, the radiation dose rates at Kamihatori and Yamada, and the precipitation at Haramachi during March 12-25, 2011, (b) 
Radiation dose rates, meteorological data
The Environmental Radioactivity Monitoring Center of the Fukushima Prefecture has a monitoring network for radioactivity measurements outside the FD1NPP and FD2NPP (Fig. 1) , and the radiation dose rates (RDs) were routinely measured at 24 monitoring posts (MPs) (Fukushima Prefecture, 2012) . Although several MPs stopped just after March 11, 2011, the hourly RDs were used for analysis at Kamihatori and Yamada, located at the nearby Futaba SPM site, and at Shigeoka and Yamadaoka, located at the nearby Naraha SPM site. Furthermore, RDs were also used at Namie, Ottozawa, Ohno, Mukaihata, Shimokoriyama, Matsudate, and Futatsunuma (Fukushima Prefecture, 2012) and at Minamisoma and Iitatemura , 2016 . In the monitoring network, meteorological elements were also measured at Koriyama and Shigeoka, and Ohno where measurements stopped on March 15 and 16, 2011, respectively.
Other meteorological data were also used at the Iitate, Haramachi and Iwaki stations in the Automated Meteorological Data Acquisition System (AMeDAS) network of the Japan Meteorological Agency (JMA). In addition, a map of wind distribution at a height of 1000 hPa (e.g., model's lowermost layer winds) every three hours in March 2011 was used, which was calculated with mesoscale objective analysis by the JMA. Then, two-dimensional wind vectors at 1000 hPa were superimposed on a map of atmospheric 137 Cs concentrations at the SPM sites in the east coast of the Fukushima Prefecture.
TEPCO (2011) also measured RDs, and wind direction and speed at several monitoring points at a height of around 2 m above the ground by monitoring cars at the site of the FD1NPP. The temporal monitoring points were the main gate (MG), the west gate (WG), a point of the gymnasium (GM), the environmental management building (EMB), a north point of the administration building (AB), and the monitoring posts of MP1-MP8 (Supplementary Fig. S2 ). On the site of the FD2NPP, located 10 km south of the FD1NPP, TEPCO (2012) routinely measured RDs at 6 monitoring posts (MP1-MP6) and the wind direction and speed at the top of the exhaust stack, 120 m above ground level. The Fukushima Prefecture and the METI (METI, 2011) measured atmospheric radionuclides by dust samplers at several points located within 2-35 km from the FD1NPP during March 12-13, 2011. These data were also analyzed in this study.
RESULTS AND DISCUSSION
Plumes measured at the Futaba and Naraha SPM sites during March 12-25, 2011 Time-series of the hourly 137 Cs concentrations at Futaba and Naraha, are shown in Fig. 2 for March 12-25 Tsuruta et al. (2014) . Ref. 2: Tsuruta et al. (2017) .
and March 12-23, 2011, respectively. The time series of the wind direction measured every 10 minutes at the FD2NPP is also shown in Fig. 2b to clarify the prevailing winds that transported plumes from the FD1NPP. Although the wind direction and wind speed were also measured at a height of 2 m above the ground by a monitoring car on the site of the FD1NPP just after the accident (TEPCO, 2011) , these data are omitted in Fig. 2 . The wind data at the FD1NPP, however, were used for detailed analysis, because they presented more local information than those at the FD2NPP, especially during the nighttime when ambient air near the surface was stagnant. 137 Cs concentrations at Futaba, and the radiation dose rates at Koriyama, Kamihatori, Yamada, and (b) the wind direction and speed at Koriyama during March 12-15, 2011. Horizontal bars (a, b, and c) show the periods of sea breezes at Koriyama.
In this study, the definition of the number of plumes at Futaba and Naraha in Figs. 2a and 2c, respectively, is as follows. As we already found nine plumes of P1-P9 (Tsuruta et al., 2014) and one plume of p2 (Tsuruta et al., 2017) from the spatiotemporal distributions of the hourly 137 Cs concentrations (Table 1) , we have fixed these numbers in this study. In the previous study, we found 5 plumes (P1, P3, P5, P6, and P8) transported to Nakadori and/or northern Hamadori. In Fig 2a, the hourly 137 Cs concentrations measured at the site of Haramachi in northern Hamadori (Fig. 1a) , located 25 km north of the FD1NPP, are also shown. For the two 137 Cs peaks at Futaba measured on the daytime of March 12, a few or several hours before the plume of P1 measured at Haramachi on the nighttime of March 12 (Tsuruta et al., 2014) , we named the new plumes of p1 and P1v, different from plume P1 as described in detail later. Another new plume was measured at Futaba on March 13, and was named P1¢ because it was found several hours after the plume of P1 at Haramachi in the previous study. In contrast, for the three 137 Cs peaks found at Futaba on March 15 and March 20, 2011, (Fig. 2a) , their general terms of plume are P3 and P5, respectively, because in a previous study (Tsuruta et al., 2014) , the plumes or polluted air masses of P3 and P5 widely moved both spatially and temporally through Nakadori and Hamadori for one or two days.
On the other hand, no plumes transported to southern Hamadori were listed in our previous studies, because no filter-tapes at the SPM sites in southern Hamadori were available for March 12-21, 2011 (Tsuruta et al., 2014 Oura et al., 2015) . Another five plumes (p2, P2, P4, P7, and P9) transported southwards, were found at the SPM sites in the Kantou area, 170 km south of the FD1NPP (Tsuruta et al., 2014 (Tsuruta et al., , 2017 . The atmospheric 137 Cs concentrations in southern Hamadori were first measured at Naraha in this study. In the same way as the case at Futaba, we named the same number of plumes for the 137 Cs peaks at Naraha, as that already used in the Kantou area, comparing the possible pathways one by one. Furthermore, for the 137 Cs peaks measured at Naraha that were not transported to the Kantou area, a new set of plumes was named P4¢ and P9¢, which were measured just after the plume of P4 and P9, respectively. We called the 137 Cs peaks measured at Naraha on March 18 and 20 that were not transported to the Kantou area, P5¢ and P8¢, modifying the number of plumes (P5 and P8) that were measured at Futaba on the same day. Hence, one of the major findings in this study is that 9 new plumes were identified, in addition to the 10 plumes already found in the previous studies: 5 (p1, P1v, P1¢, P10, P11) at Futaba, and 4 (P4¢, P5¢, P8¢, and P9¢) at Naraha. All the old and new plumes/polluted air masses are shown in Table 1 .
A typical prevailing wind along Hamadori in the early spring season is from the west, and this wind pattern appeared on the afternoon of March 14, on March 17 and March 22 (Fig. 2b) . Northerly winds also prevailed from the night of March 14 to the morning of March 15, on the morning of March 16 and March 21, and on March 23. As a result, the high 137 Cs concentrations greater than 100 Bq m -3 at Narana were observed on the early mornings of March 15, 16, and 21, corresponding to the plumes of P2, P4 and P4¢, P9 and P9¢, respectively. In contrast, south- erly or southeasterly winds prevailed most frequently during this period in Hamadori, specifically during the days of March 12, 13, 15, 18, 19, 20, 24 , and 25, corresponding to the following plumes observed at Futaba: p1, P1v, P1¢, P3, P5, P6, P8, P10, and P11, respectively. In the following section, the transport of each plume is briefly described in chronological order, regardless of whether a plume was transported to the north or the south from the FD1NPP.
[p1] at Futaba on the morning of March 12 The first plume (p1) of the high 137 Cs concentration at Futaba was observed to be 55.7 Bq m -3 at 9:00 on March 12, 2011. At Yamada, the RDs showed the first peak of 32.5 mSv h -1 at 10:00, one hour later than that at Futaba (Figs. 2a  and 3a) . At Koriyama, the RDs showed the first peak of 2.9 mSv h -1 at 6:00 (A in Fig. 3a ) under stagnant conditions, and the second peak of 7.8 mSv h -1 at 9:00, after a sea breeze began to blow from the southeast (Fig. 3b) . At the main gate (MG) and MP-8 in the FD1NPP, RDs began to increase from 4:05 and showed a maximum of 385.5 mSv h -1 at the MG at 10:30 (4 and 11 in Fig. 4 ). The atmospheric 137 Cs concentrations at three emergent monitoring points by METI within 2-10 km from the FD1NPP were in the range of 1.3-2.2 Bq m -3 (12-63 Bq m -3 for 131 I) at around 9:00 and 13:30 (METI, 2011). Hence, these enhancements in the RDs or 137 Cs outside the FD1NPP were caused by the earliest release of radionuclides from the FD1NPP into the atmosphere by the southeasterly wind. Furthermore, the RDs at Ottozawa, located south of the FD1NPP (Fig. 1b) also increased on the morning of March 12 (Fig. 3a) , because the wind direction was variable early in the morning at Koriyama and the FD1NPP.
At the SPM site of Haramachi, located 25 km north of the FD1NPP, the first plume was already found during the nighttime on March 12, 2011 and named as P1 (Fig.  2a) (Tsuruta et al., 2014) . At Haramachi, the atmospheric 137 Cs concentrations were high with a maximum 137 Cs concentration of 575 Bq m -3 from 19:00 on March 12 to the following morning, after the hydrogen explosion of Unit 1. Because the first plume at Futaba was observed at 9:00 on March 12, 2011, and was caused by the direct release from the FD1NPP, the number of this plume was named as p1.
[P1v] at Futaba on the afternoon of March 12 A maximum 137 Cs concentration of 13,600 Bq m -3 was observed at Futaba at 15:00 on March 12 (Figs. 2a and 3a) , just before the hydrogen explosion (H.E.) of Unit 1 at 15:36. It was the highest 137 Cs concentration at Futaba during March 12-25, 2011. A southeasterly wind continued to blow towards Koriyama during 8:00-18:00 on March 15 (a in Fig. 3b ). At the same time, the RDs at Kamihatori, 2.5 km northwest of Futaba (Fig. 1b) , also showed a maximum of 1.6 mSv h -1 , indicating that the same plume (P1) was transported to Futaba and Kamihatori by the southeasterly wind. On the other hand, the RDs at Yamada, 2 km southwest of Futaba, increased to only 6.7 mSv h -1 at 14:00 (Figs. 2a and 3a) . This result suggests that the western edge of the plume was located near Yamada. Assuming that the 131 I concentration is about ten times higher than the 137 Cs concentration in the plume (Katata et al., 2015) , the sum of the radiocesium ( 134 Cs+ 137 Cs) and 131 I concentrations is equivalent to approximately 17 mSv h -1 when using the conversion factors by the International Atomic Energy Agency (2000) . Hence, the radiation dose corresponding to the three radionuclides at Futaba at 15:00 is approximately 1% of the radiation dose at Kamihatori, supposing that the air masses at 15:00 at Futaba and Kamihatori were the same ones. The major radionuclide in the air masses is estimated to be radioactive noble gases, such as radioactive xenon, as Hirayama et al. (2017) calculated by analyzing the data of the pulse height distribution from a NaI (T1) counter at Yamada on March 12, 2011. It is reasonable that radioactive noble gases are the major radionuclides in the plume released into the atmosphere from a reactor unit during the first or early stages just after the accident.
The plume with the maximum 137 Cs concentration at Futaba at 15:00 was caused by a vent operation of U1 before the hydrogen explosion, as described later. As a result, a composition ratio in radionuclides released into the atmosphere from the FD1NPP after the vent operation is considered to be significantly different from that after the hydrogen explosion. For these reasons, the number of this plume was named as P1v.
[P1¢] at Futaba on March 13 A plume of P1¢ with a 137 Cs concentration of 511 Bq m -3 was detected at Futaba at 9:00 on March 13 (Figs. 2a and 3a) , and the RDs at 10:00 at Yamada (Fig. 2a) and at the MP4 of the FD1NPP (9 in Fig. 4 ) also recorded a peak of 25.7 and 122.3 mSv h -1 , respectively. As a sea breeze from the southeast was observed at Koriyama from 8:30 to 9:30 (b in Fig. 3b) , the plume was transported from the FD1NPP to Futaba by the sea breeze. In addition, at Ottozawa and Mukaihata located south and southwest of the FD1NPP, respectively, the peaks of the RDs were found at approximately 8:30 and 9:30 (data were not shown), when the wind direction was variable at the FD1NPP. This plume is a newly feature and named as P1¢ in this study, because it was not found on the morning of March 13 at Haramachi located north of Futaba in the previous study (Tsuruta et al., 2014) (Fig. 2a) . The 137 Cs concentration at Futaba also showed the second maximum of 50.2 Bq m -3 at 18:00 (B in Fig.  3a) . At Koriyama, a sea breeze blew again between 14:00-17:30 when the RDs also increased to 33 and 28 mSv h -1 Fig. 5 . Time series of (a) the hourly 137 Cs concentrations at Naraha and the hourly radiation dose rates at Shigeoka, (b) the wind direction and wind speed every 20 seconds at Shigeoka, during March 14-15, 2011. (c) The atmospheric 137 Cs concentrations (colored dot) at the SPM sites including Haramachi, Futaba, and Naraha, in Hamadori and wind vectors (black arrow) at 1000 hPa at 0: 00, 3:00, 6:00, and 9:00 (JST), March 15, 2011. at 17:00 and 18:00 (c in Fig. 3b) , and the RDs at the MG and MP4 of the FD1NPP also increased in the afternoon (15 in Fig. 4 ). These data suggest that the air masses with a high 137 Cs concentration at 18:00 at Futaba (B in Fig.  3a) were also transported from the FD1NPP.
[P2] at Naraha from the night of March 14 to the morning of March 15 A westerly wind shifted clockwise and a northerly wind began to blow at the FD1NPP, FD2NPP and Shigeoka at approximately 22:00 on March 14 (Figs.  2b and 5b) . The 137 Cs concentrations at Naraha started to increase from 23:00 on March 14, and reached maximums of 2,780 and 8,300 Bq m -3 at 1:00 and 3:00 on March 15, respectively (Figs. 2c and 5a) . The highest 137 Cs concentration was comparable to that at Futaba on March 12, and at the same time, the RD peaks of 119 and 146 mSv h -1 were observed at Shigeoka and Yamadaoka, respectively (Figs. 2c and 5a) . Assuming that the 131 I concentration was about ten times higher than the 137 Cs concentration in the plume (Katata et al., 2015) Ohno, during March 14-16, 2011. diation dose corresponding to the three radionuclides at Naraha at 3:00 is approximately 7% of the RD at Yamadaoka, supposing that the air masses arrived at 3:00 at Naraha and Yamadaoka were the same ones. This plume was transported southward to the Kantou area as the plume of P2 by a northeasterly wind through the east coast of the Ibaraki Prefecture (Tsuruta et al., 2014; Nakajima et al., 2016) . Another 137 Cs maximum of 278 Bq m -3 was observed at Naraha at 7:00 on March 15, but it was not transported to the Kantou area but to southern Nakadori by a northeasterly or easterly wind (Fig. 5c) .
In the Kantou area, the first plume of p2 with a maximum 137 Cs concentration of 14 Bq m -3 was observed on the early morning of March 12, 2011 by a northeasterly wind, a few hours before the arrival of plume P2 (Tsuruta et al., 2017) . Part of the air masses with a 137 Cs concentration of 20 Bq m -3 at Naraha at 23:00 (p2 in Fig. 5a ) would be transported in the Kanto area as the plume of p2, and further analysis is needed.
[P3] at Futaba on the afternoon of March 15 After the wind direction shifted clockwise to a southeasterly wind at approximately 12:00 at the MG of the FD1NPP and Ohno (Fig. 6b) , high 137 Cs concentrations of 607, 1,600, and 1,560 Bq m -3 were observed at Futaba at 14:00, 17:00, and 21:00, respectively ( Fig. 2a and Fig. 6a ), while the RDs at Ohno and the MG of the FD1NPP did not increase during the afternoon (Figs. 4 and 6a) . In contrast, at Yamada, the high RDs were observed at 13:00 and 19:00, Fig. 7 . Time series of the hourly 137 Cs concentrations at Futaba, and the radiation dose rates at Minamisoma, Namie, and the FD1NPP (MG, WG, AB) during March 17-25, 2011. when the 137 Cs concentrations were low at Futaba (Fig.  6a) . These data indicate that the air masses with high 137 Cs concentrations were constantly transported from the FD1NPP to the northwest during the afternoon. Furthermore, the RDs at Iitatemura, located 39 km northwest of the FD1NPP (Fig. 1a) , rapidly increased from 15:00 on March 15 to reach a maximum of 44.7 mSv h -1 at 18:20 and then gradually decreased (Fig. 6a) . At the AMeDAS Iitate station, an easterly or southeasterly wind prevailed during 9:00-20:00 and precipitation started at 16:30 on March 15 (the data were not shown). In addition, the 137 Cs concentrations at the Fukushima city, located approximately 63 km northwest of the FD1NPP (Fig. 1a and Fig.  S1b ), started to increase from 18:00 (Tsuruta et al., 2014) . These data indicate that the plumes observed at Futaba were transported downwind by the southeasterly wind, and part of radionuclides in the plumes was deposited on the surface on the afternoon of March 15. Hence, the mechanism of how the highly deposited zone of radionuclides was produced for a 30 km span from near the FD1NPP to the northwest, is partly confirmed by surface-soil measurements (MEXT, 2011a) and airborne measurements (MEXT, 2011b) . Part of the high 137 Cs concentrations at Futaba at 21:00, however, might not be transported to the northwest, because the wind direction at Ohno shifted clockwise to the southwest at 19:00 and to the northwest at 22:00 (Fig. 6b) . A sudden increase in RDs was observed at Yamada, Ohno, and the MG of the FD1NPP from approximately 23:00 (C in Fig. 6a ). Moreo-ver, a high 137 Cs concentration of 116 Bq m -3 was observed at Futaba at 0:00 on March 16. Meanwhile, precipitation started at 22:30 at the MG of the FD1NPP and at Ohno, resulting in a large amount of radionuclides being deposited around the FD1NPP, as estimated by Chino et al. (2016) . These data can contribute to clarifying how the deposition area located west of the FD1NPP was produced Chino et al., 2016) , and further analysis will be done in future. As the plume of P3 was widely observed in Nakadori and northern Hamadori from the morning to the night on March 15 (Tsuruta et al., 2014) , the three plumes at Futaba described above were also included to plume P3. Fig. 2c ) was observed at 15:00 when an easterly or southeasterly wind blew at the FD2NPP. After the plume was initially transported off the coast from the FD1NPP in the morning by a northwesterly wind, and the plume was likely to return to the east coast to leach Naraha in the afternoon (Supplementary Fig. S4 ). Because the arrival time of the plume at Naraha was almost equal to that of plume P5 at Futaba, the number of the plume was named as P5¢
[P6] at Futaba on the morning of March 19 On March 19, high 137 Cs concentrations were observed during 9:00-13:00 at Futaba with the maximum concentration of 3,080 Bq m -3 occurring at 10:00 (P6 in Fig. 2a and Figs. 7 and 8). At Yamada, the RDs increased to 315 mSv h -1 at 10:00, compared to approximately 280 mSv h -1 before or after the peak (Fig. 8a) . At the WG of the FD1NPP, an easterly or southeasterly wind blew during 8:20-10:30 (Fig. 8b) , and the RDs increased by 540 mSv h -1 at 8:10 (Fig. 7) . These increases also suggest the transport of radionuclides from the FD1NPP to Futaba in the morning. At Haramachi, a maximum 137 Cs concentration of 192 Bq m -3 was observed at 12:00 (Fig. 2a) , and this plume was already named P6 (Tsuruta et al., 2014) . Accordingly, these plumes measured at Futaba and Haramachi were considered to be the same ones.
[P8] at Futaba and Naraha on March 20 At Futaba on March 20, three plumes were observed at 7:00, 10:00, and 14:00, with the maximums of 156, 382, and 5, 680 Bq [P4 and P4¢] at Naraha on the morning of March 16 At Naraha, a plume with the 137 Cs concentration of 219 Bq m -3 was observed at 2:00 on March 16, when a northerly wind prevailed (Figs. 2b and 2c ). This plume was transported southward as plume P4 to the east coast of the Kantou area (Tsuruta et al., 2014; Nakajima et al., 2016) . A precipitation measured at Iwaki early in the morning (Fig. 2c) suggests that some amounts of radionuclides were deposited around the southern part of Hamadori. Several hours later, the wind direction shifted to the northeast from the north, and the plume of P4¢, with a maximum 137 Cs concentration of 988 Bq m -3 , also reached Naraha at 10:00, due to its direct transport from the FD1NPP or via a return path from the east coast after the plume from the FD1NPP initially went off the coast (Supplementary Fig. S3 ). The plume of P4¢ was not transported to the Kantou area where a strong northwesterly wind prevailed.
[P5 and P5¢] at Futaba and Naraha on the afternoon of March 18
On March 17, no plumes nor high RDs were observed at any monitoring points/MPs of the FD1NPP and Fukushima Prefecture, because a strong westerly wind prevailed all day (Fig. 2b) . A plume with maximum 137 Cs concentrations of 3,760-3,920 Bq m -3 was measured at Futaba for the three hours from 14:00 to 16:00 on March 18 following the plume of P5 in the evening at Haramachi (Figs. 2a and 7) . This three-hours continuation of high 137 Cs concentration at Futaba was caused by a southeasterly wind constantly prevailing from 12:20 to 16:20 at the MG of the FD1NPP, and during 11:30-16:20 at the FD2NPP (Figs. 2b and 7) . Then, the wind direction shifted to the south along Hamadori, such that the maximum 137 Cs m -3 , respectively (Figs. 7 and 8a). During 6:20-7:20 and 9:00-10:20 an easterly or southeasterly wind blew for a short period at the northern point of the AB of the FD1NPP, and the RDs at Yamada increased (Fig. 8a) , indicating that the radionuclides were transported to Futaba from the FD1NPP. Then, the wind direction shifted clockwise, and a southeasterly wind blew from 12:20 to 14:30 at the FD1NPP (Fig. 8b) , resulting in the transport of air masses with high 137 Cs concentrations to Futaba at 14:00. The RDs at the AB of the FD1NPP increased by approxi- Fig. 10 (Nishihara et al., 2012) .
mately 800 mSv h -1 during 14:00-16:00 (Fig. 7) , which might be a direct effect of the plume from the FD1NPP. Three hours later, the plume of P8 with the maximum 137 Cs of 200 Bq m -3 was observed at 17:00-19:00 at Haramachi (Tsuruta et al., 2014) . Hence, the third plume measured at Futaba at 14:00 was considered to be transported to Haramachi as plume P8 (Fig. 2a) . At Namie and Minamisoma located north of Futaba in northern Hamadori (Fig. 1a) , the RDs also increased a few hours later than the peak time at Futaba (Fig. 7) . In contrast, a pume with a 137 Cs concentration of 272 Bq m -3 was observed at 7:00 at Naraha (P8¢ in Fig. 2c) . Furthermore, the RDs at Yamadaoka and Matsudate also increased by approximately 2 and 10 mSv h -1 at 7:00 and 8:00, respectively. At the FD2NPP, a northeasterly or north-northeasterly wind blew during 5:50-7:40 when the RDs also increased by approximately 10 mSv h -1 . Hence, the plume of P8¢ at Naraha was directly transported from the FD1NPP by a north-northeasterly wind (Fig. 2b) . After that, the plume was transported to Nakadori by an easterly wind, but not to the Kantou area.
[P9 and P9¢] at Futaba and Naraha on the morning of March 21
A northerly or north-northwesterly wind started to blow approximately at 21:00 on March 20 at the FD2NPP, and the 137 Cs concentration at Naraha started to increase from 22:00, showing a maximum of 100 Bq m -3 at 1:00 on March 21 (P9 in Fig. 2c ), although no increase in the RDs was found at the monitoring points of the FD1NPP (Fig. 7) or at the MPs of FD2NPP. As the RDs at Yamadaoka and Futatsunuma a little bit increased to 3.1 and 4.0 mSv h -1 at 1:00 on March 21, compared to 2.8 and 3.7 mSv h -1 at 23:00 on March 20, respectively (Fig. 2c) , the center of this plume would pass far the east of these MPs. In addition, the plume was transported as P9 to the Kantou area on the morning of March 21 by a northeasterly wind (Fig. 9) (Tsuruta et al., 2014; Nakajima et al., 2016) . Another plume with the 137 Cs concentration of 106 mSv h -1 was also observed at 9:00 at Naraha, and the RDs at Yamadaoka and Futatsunuma also increased to 12 mSv h -1 . This plume named as P9¢, however, was not transported to the Kantou area, because the wind direction shifted clockwise to the northeast in southern Hamadori (Fig. 9) . As shown in Fig. 2c , the increasing rate of RDs at Yamadaoka between 1:00 (P9) and 9:00 (P9¢) was approximately 4 times, although the 137 Cs concentrations at Naraha at 1:00 and 9:00 on March 21 were almost unchanged. A possible reason why the rates of increase were so different between Naraha and Yamadaoka is that the plume (P9¢) had high concentrations of radionuclides other than radiocesium, which were not included in the plume of P9. Another possibility is that the increase at 9:00 might be caused by ground shine through precipitation, but this possibility does not seem to be reasonable, because the RDs after the peak at Yamadaoka rapidly decreased to the levels (3.6 and 3.4 mSv h -1 at 10:00 and 11:00) a little bit higher than those before precipitation.
[P10] at Futaba on the morning of March 24 The 137 Cs concentration at Futaba increased to 116 Bq m -3 at 11:00, when a southeasterly wind blew at the FD1NPP, although the RDs at Yamada and the MG of the FD1NPP did not increase on the morning of March 24 (Figs. 2 and 7) . This plume is newly found as the plume of 10 in this study. At Namie and Minamisoma (Fig. 1a) , the RDs increased at approximately this time (Fig. 7) , indicating the transport of plume P10 to northern Hamadori.
[P11] at Futaba on the afternoon of March 25 On March 25, the 137 Cs concentration also increased at Futaba between 13:00-17:00 with a maximum of 280 Bq m -3 at 14:00 (Figs. 2 and 7) when a southeasterly wind continued to blow at the FD1NPP and FD2NPP. This plume is also newly found as the plume of 11 in this study. At the MG of the FD1NPP, the RDs increased to 540 mSv h -1 at 10:30 (Fig. 7) , and which might affect the high 137 Cs concentrations at Futaba.
Activity ratio of
134 Cs/ 137 Cs 134 Cs/ 137 Cs at Futaba and Naraha The atmospheric concentration ratios of 134 Cs/ 137 Cs (R(Cs)) in the plumes, which were decay-corrected to the accident date, were calculated at Futaba and Naraha, and their time series variations (Fig. 10) and the daily means (Table 2) were analyzed because R(Cs) is an indicator of the reactor unit from which the radionuclides were released into the atmosphere. The ratios measured from the filter-tapes were only used for the data with 137 Cs concentrations higher than 30 Bq m -3 because R(Cs) became more diverse when the 137 Cs concentrations were less than 30 Bq m -3 (Supplementary Fig. S5 ). At Futaba and Natraha, the R(Cs)s were roughly divided into two groups; A and B. For the A group corresponding to the plumes of p1, P1v, and P1¢ at Futaba during March 12-13, 2011, the R(Cs)s were in the range of 0.92-0.93, very close to 0.94, which is the R(Cs) of Unit 1 based on the core inventory data estimated by Nishihara et al. (2012) . In particular, the R(Cs)s in plume P1v released from Unit 1 were 0.92 and 0.93, at 15:00 and 16:00 on March 12, respectively.
In contrast, the R(Cs)s for the B group at Futaba and Naraha during March 15-21, 2011, were in the range of 1.01-1.05, which is significantly higher than the R(Cs) range for group A. At this stage, we have not been able to determine the possible source units for the plumes in group B, as discussed below, whereas Nishihara et al. (2012) estimated that the R(Cs)s are 1.08 and 1.05, for Unit 2 and Unit 3, respectively. The R(Cs)s in plume P2 at Naraha on the morning of March 15, 2011 were in the range of 1.01-1.04, closer to 1.05 (Unit 3) than 1.08 (Unit 2), although the source of the FD1NPP on the morning of March 15 was estimated to be Unit 2 (TEPCO, 2013; Katata et al., 2015) . Furthermore, the R(Cs)s in the plume of P4 and P4¢ measured at Naraha on the morning of March 16 were in the range of 0.98-1.05, with an average of 1.02, and were also close to 1.05 (Unit 2), although the source term was estimated to be Unit 2 and/or Unit 3 on the morning of March 16 (TEPCO, 2013; Katata et al., 2015) . At Futaba, a daily average R(Cs) of 1.03-1.05 was found for four plumes (P3, P5, P6, and P8) during March 15-20, 2011 , and was also closer to 1.05 (Unit 3) than 1.08 (Unit 2). Because there are no large differences in the R(Cs) values among these 7 plumes during March 15-20, 2011, we could not identify whether the radionuclides were released from Unit 2 or Unit 3. It is noted that the average R(Cs) of the first two datasets from plume P9¢ at Naraha on March 21 and of plume 11 at Futaba on March 25 was equal to 1.07, which is closer to the R(Cs) of Unit 2 based on the inventory data. It is also noted that the average R(Cs) in plume P10 at Futaba on March 24 was 0.96, which is closer to the R(Cs) of Unit 1 in the inventory data. Nevertheless, these data are the first direct attempts to show that R(Cs) is determined by atmospheric aerosols collected within a few hours after their release into the atmosphere from the FD1NPP. Our measurement of the radionuclides was made for only approximately 1 hour via Ge semiconductor detectors, and the accuracy of the R(Cs) values, especially for the radiocesium concentrations less than 100 Bq m -3 , might not be enough to discuss the small difference in R(Cs).
134 Cs/ 137 Cs in other studies All the R(Cs)s previously reported were analyzed by using samples deposited on the earth's surface (Komori et al., 2013; Chino et al., 2016; Satou et al., 2016) . Komori et al. (2013) measured the radionuclides of the soil and vegetation samples collected in southern Tohoku (Fukushima, Miyagi, and Iwate Prefectures) and the Kantou area. The R(Cs) values of those samples were divided to three groups, i.e., 0.91-0.98 in Oshika peninsula, located in the eastern Miyagi prefecture; 0.98-1.01 near the FD1NPP; and 1.00-1.04 among the Kantou area, the Iwate Prefecture, and northwestern Fukushima. This work concluded that the source unit of the first group was Unit 1, because the RDs showed high values at the MPs of the Onagawa Nuclear Power Station near the sampling sites on the early morning of March 13 (Tohoku Electric Power Company, 2013) due to the transport of radioactive materials released from the FD1NPP. They also concluded that the possible source unit of the third group was estimated to be Units 2 and/or 3, and that the R(Cs) of the second group was a result of the mixture of all three Units. These results are consistent with our results. Chino et al. (2016) analyzed R(Cs) using all the data of in situ ground surface measurements from gamma-ray spectrometers in the southern Tohoku and the Kantou areas (Mikami et al., 2015) . They found that the R(Cs)s from the frequency distribution had the two peaks of 1.09 and 1.04, which are close to the inventory data of Unit 2 and Unit 3, respectively. They also found another group of R(Cs) that had a peak value of 0.95, corresponding to the inventory data of Unit 1. Nishizawa et al. (2016) measured the detailed distribution of the radiocesium deposition within a 3-km area of the FD1NPP using an autonomous unmanned helicopter monitoring system and found four plume traces by analyzing the distribution map of high air dose rates. In addition, they estimated that the north plume traces with R(Cs) of 0.95 and the other three plume traces with the R(Cs) values of 1.05-1.06 were derived from Unit 1 and from Unit 2 or Unit 3, respectively. The results in these two studies indicate that the R(Cs) of Unit 1 was close to that of the data from our study and from Komori et al. (2013) , and to the inventory data. However, the R(Cs) values of Unit 2 and/or Unit 3 differed from the data in our study and from that of Komori et al. (2013) . At this stage, we have not clarified the cause of the discrepancies in the R(Cs) values for Unit 2 and Unit 3 among these four studies.
The source term of the plumes at Futaba on March 12-13 As previously described, the plumes measured at Futaba on March 12-13 were identified as released from Unit 1. TEPCO (2015a) estimated that the earlier leak of radionuclides into the atmosphere started from Unit 1 at 3:10 on March 12 because the pressure in the drywell (DW) of the reactor containment vessel (RCV) in Unit 1 remained high from 2:30 to 14:30-14:50 when a vent operation was finally made. As a result, the first release into the atmosphere from the reactor building of Unit 1 was observed at the MG and MP-8 of the FD1NPP after 4:05 (4 in Fig. 4 ). In addition, one of the largest release rates of radionuclides (Katata et al., 2015) was caused by a vent operation at Unit 1 after 14:00 (TEPCO, 2015a). Furthermore, this result was confirmed by a photograph taken from an airplane at 14:46 on March 12 (Tokyo Shinbun, 2016), which clearly showed that a plume of white smoke flowed horizontally just after the release from the exhaust stack of Unit 1. The RDs at the FD1NPP did not increase at the MG and MP8 on the afternoon until 19:00 (Fig. 4) possibly because plume P1v did not pass over these points. However, the RDs at the MP4 recorded a high value of 162 mSv h -1 at 15:13 when the RDs measurements started and before the hydrogen explosion (16 in Fig. 4 ), compared to less than 10 mSv h -1 at the MG and the MP8. This high value was possibly affected by plume P1v because the MP4 point was located downwind from Unit 1 due to the southeasterly wind (Fig. S2) . It is noted that the surface wind direction at Koriyama was from the southeast, with a wind speed of 3 m s -1 (Fig. 3b) . At Koriyama, the RDs showed a maximum of 1,500 mSv h -1 at 15:43 (Fig. 3) , suggesting the direct effect of the plume by the vent operation or the hydrogen explosion in Unit 1 at 15:36 on Mach 12.
For plume P1¢ at 9:00 and a maximum concentration of 50 Bq m -3 at 18:00 at Futaba on March 13, a possible source might be Unit 3 because TEPCO (2015b) reported that water vapor was released from the exhaust stack of Unit 3 at 10:00 and 13:00 on March 13 by the first and second vent operations of Unit 3, respectively. As previously described, the average R(Cs) of 0.92 on March 13 leads to the conclusion that the source unit of the plumes on March 13 was Unit 1, as was the case on March 12. This suggests that an amount of radionuclides released from the two vent operations of Unit 3 would not be large compared to that from Unit 1.
CONCLUSION
Time-series analysis of the hourly 137 Cs concentrations at the Futaba and Naraha SMP stations near the FD1NPP revealed that many plumes were found during March 12-25, 2011, just after the Fukushima accident. Nine plumes were observed at Futaba located 3.2 km northwest of the FD1NPP during March 12-13, 15-16, 18-20, and 24-25, 2011, i.e ., every time a southeasterly/southerly wind prevailed over Hamadori, Fukushima Prefecture, indicating the transport of radionuclides released from the FD1NPP. The first plume at Futaba was observed at 9:00 on the morning of March 12, due to the direct release from the FD1NPP in the early morning. The highest 137 Cs concentration was measured at 15:00 on March 12 after a vent operation just before the hydrogen explosion of Unit 1 at 15:36. This was confirmed by a photograph taken from an airplane, showing a white plume streaming downwind from the exhaust stack of Unit 1. The second highest 137 Cs concentration, approximately 43% of the highest concentration, was measured on the afternoon of March 20, and was still high even 8 days after the first release by the accident. In contrast, at Naraha located 17.5 km south of the FD1NPP, seven plumes were observed on March 15-16, 20-21, 2011, i.e., every time when a northerly wind prevailed, and at least half of these plumes were transported southward to the Kantou area including the Tokyo Metropolitan area by a northeasterly wind. The highest 137 Cs concentration of 8,300 Bq m -3 at Naraha was measured at 3:00 on March 15, and this plume was possibly caused by the first release from Unit 2. According to the ratios of 134 Cs/ 137 Cs in the atmospheric concentrations, the plumes measured at Futaba on March 12-13 were identified from Unit 1 because the ratios were in the range of 0.92-0.94, close to the inventory data. In contrast, the ratios at Futaba and Naraha during March 15-21, 2011, were in the range of 1.02-1.04, but the source unit of these plumes has not been determined to be Unit 2 and/or Unit 3 at this stage. These analyses strongly suggest that the hourly radiocesium data measured at Futaba and Naraha will be a useful tool to speculate what occurred in the reactor units of the FD1NPP and to reevaluate the release rates from the FD1NPP, in addition to validating and improving the simulation results by atmospheric transport and deposition models. Sanada, N. and Torii, T. (2015) repot on the levels and effects of radiation exposure to the nuclear accident following the great east-Japan earthquake and tsunami. A 2015 white paper to guide the Scientific Committee's future programme of work (last access: December 2016). UNSCEAR (2016) Developments since the 2013 UNSCEAR report on the levels and effects of radiation exposure to the nuclear accident following the great east-Japan earthquake and tsunami. A 2016 white paper to guide the Scientific Committee's future programme of work (last access: August 2017).
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